Published on 21 March 2022. Downloaded by Dalian Institute of Chemical Physics, CAS on 1/10/2023 2:13:43 AM.

INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

{ '.) Check for updates ‘

Cite this: /norg. Chem. Front., 2022,
9, 2213

Zhongmin Liu (22

Dali Zhu,®® Linying Wang,*® Wenhao Cui,?® Juan Tan,* Peng Tian

CHINESE
CHEMICAL
SOCIETY

CCS

PELFES

View Article Online

View Journal | View Issue

High-silica zeolite Y: seed-assisted synthesis,
characterization and catalytic properties+

*3 and

A facile solid seed assisted strategy has been developed for the synthesis of high silica zeolite Y. The

crystal growth kinetics as a functi

on of seed usage were studied, showing a positive relationship with the

seed addition. A smaller seed size and higher seed SAR were found to be favorable for the crystallization
of high silica zeolite Y. FTIR spectra revealed that the acidic hydroxyls in small SOD cages of high silica
zeolite Y can transfer to supercages under the induction of pyridine, while this phenomenon is inconspic-
uous for conventional zeolite Y, which suggests the incremental utilization of the acid sites in the SOD
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Introduction

Fluid catalytic cracking (FCC) is one of the largest catalytic pro-
cesses in the world, which provides an effective route for con-
verting heavy petroleum to gasoline, diesel and light gases."
The introduction of zeolite Y as the active component of FCC
catalysts can be regarded as a milestone in the oil refinery
industry, which revolutionized the FCC process and greatly
increased the -catalytic efficiency for fuel production.”?
Although a small amount of ZSM-5 additive was subsequently
introduced into the catalyst to increase the gasoline octane
number and the yields of light olefins,* zeolite Y remains to be
the main active component of FCC catalysts. Nowadays, FCC
catalysts account for more than 95% of the global zeolite cata-
lyst consumption.’

Both fundamental research and industrial practices have
demonstrated that a high framework SiO,/Al,0; ratio (SAR) of
zeolite Y can help enhance the acid strength and (hydro)
thermal stability,*” which are essential for the prepared crack-
ing catalyst to achieve high catalytic activity and stability.®*
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cages following the increase of framework SAR. The high silica S-SY product possesses a larger amount

and excellent (hydro)thermal stability, and thus exhibits higher catalytic
ules and industrial heavy oil, which imply its promising future as a crack-

ing catalyst for bulky hydrocarbons.

Unfortunately, as the direct synthesis of high silica zeolite Y
has remained a challenging task over the past few decades,
ultrastable Y (USY) prepared by complicated post-synthesis
dealumination, such as steaming or acid leaching, becomes
the unique choice for the preparation of FCC -catalysts.
However, the loss of crystallinity and mass, as well as the cre-
ation of defects and the dealumination gradient, is hard to
avoid for the post-treatment process.’® > Relatively, direct syn-
thesis of high silica Y is the most ideal route.

Considerable efforts have been devoted to the improvement
of the framework SAR of zeolite Y since its successful appli-
cation as an FCC catalyst. Hitherto, for the syntheses from an
inorganic gel system, the highest SAR reported, however, is
less than 6.5."% In theory, the use of organic structure directing
agents (OSDAs) can reduce the number of framework Al atoms
due to their lower charge density and thus facilitate the syn-
thesis of high silica products, which have effectively worked
for the syntheses of multiple zeolites."*® Unfortunately, even
with the help of OSDAs, the highest SAR of zeolite Y has long
been limited to 9.0 (15-crown-5 as OSDA)."” Moreover, signifi-
cantly prolonged crystallization times are always observed
when attempting to improve the SAR of zeolite Y, showing the
high energy barriers of nucleation/crystallization of the high
silica FAU framework. Recently, we developed a novel NOA-co
strategy for the synthesis of zeolite Y,"® which involves the use
of FAU nucleus solution, bulky OSDAs and a low-alkalinity gel
system. The combination of these three factors can address
the synthesis bottlenecks in the nucleation and crystallization
of high silica FAU frameworks, leading to a product with a SAR
as high as 15.6 after a crystallization time of 6.5 days using
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tetrabutylammonium hydroxide (TBAOH) and tetraethyl-
ammonium hydroxide (TEAOH) as co-OSDAs. Very recently,
during our manuscript preparation, Dusselier et al. reported
the synthesis of high silica zeolite Y with a SAR up to 12.8
using 15-crown-5 and choline ions as co-OSDAs after a crystal-
lization time of 5.0 days."’

In the present work, we explored the synthesis of high silica
zeolite Y with the assistance of solid seeds using TBAOH as an
OSDA. The impact of seed properties (such as addition
amount, SAR and crystal size) on the synthesis was investi-
gated and summarized. Well-crystallized high silica zeolite Y
with a SAR up to 15.9 can be achieved in 2.0-3.5 days.
Moreover, the acidity of the samples was systematically charac-
terized. The cracking of model molecules and heavy oil was
investigated to evaluate the catalytic cracking performance of
the high silica products.

Experimental section
Materials and reagents

The chemical reagents used were sodium aluminate (50.7 wt%
Al,03, 41.9 wt% Na,O, Shanghai Aladdin Industrial Co.), silica
gel (99 wt%, Qingdao Meigao Reagent Co.), sodium hydroxide
(NaOH, 99.9 wt%, Shanghai Aladdin Industrial Co.), tetrabutyl-
ammonium hydroxide (TBAOH, 40 wt% in H,O, Shanghai
Annaiji Chemical Reagent Co.), tetraethylammonium hydrox-
ide (TEAOH, 35 wt% in H,O, Shanghai Annaiji Chemical
Reagent Co.), and tetraethyl orthosilicate (TEOS, 99 wt%,
Tianjin Kemio Chemical Reagent Co.).

Commercial NaY zeolite with a SAR of 5.6 (named NaY,.f)
was purchased from Shanghai Xinnian Petrochemical
Additives Co. Ltd. USY with a SAR of 13.8 (product code:
NKSN-28, in the NH," form) was purchased from Tianjin
Shenneng Technology Co. Ltd, and it was prepared by a combi-
nation of hydrothermal dealumination and acid leaching.

Synthesis of nanosized zeolite seeds

A series of nanosized zeolite Y with different SARs were
synthesized as seeds according to the NOA-co strategy reported
by us recently. The samples were named Y,, where x
refers to the product SAR detected by XRF. The synthesis
procedures of Y;,, and Y;;; were the same as those in
our previous work. The synthesis of Ys; has a little modifi-
cation. In detail, FAU nucleus solution was first prepared
from a clear solution with a molar composition of
1Si0, : 0.1A1,05 : 0.01Na,O : 1.2TEAOH : 18.3H,0. The above
clear solution was heated at 50 °C for 12 h and then at 100 °C
for 48 h. Then, 4.0 g silica gel was slowly added to a solution
containing sodium aluminate (1.341 g), NaOH (0.554 g) and
deionized water (28.656 2) to form an initial gel with a molar
ratio of 1SiO,:0.1Al,05:0.24Na,0:24H,0. Subsequently,
4.89 g FAU nucleus solution was added dropwise into the
above gel. The mixture was aged under agitation at room temp-
erature for 2 h and then charged into a 50 mL stainless steel
autoclave with a Teflon liner. The crystallization was con-
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ducted in a static oven at 100 °C for 5.0 days. The product was
centrifuged, washed with deionized water, and dried at 100 °C.

Milled seeds were prepared by the following procedure.
Typically, 10 g of zeolite was dispersed in 50 g of deionized
water and treated using milling apparatus for 2 hours. The
slurry was then collected and dried to obtain the milled seed.

All the samples were calcined at 600 °C for 6 h before being
used as seeds.

Seed-assisted synthesis of high silica zeolite Y (named S-SY)

In a typical run, 0.151 g of sodium aluminate was added to a
solution containing 0.158 g of NaOH, 7.04 g of deionized water
and 6.24 g of TBAOH. 1.8 g of silica gel was slowly added to
the above solution under stirring to form a gel with a
molar composition of 1Si0, : 1/40A1,05 : 0.10Na,O :
0.32TBAOH : 20H,0. Then, 0.18 g of calcined Y4, seeds were
added to the gel and aged under strong agitation at room
temperature for 12 h. The final mixture was charged into a
50 mL stainless steel autoclave with a Teflon liner. The crystal-
lization was conducted under rotation (45 rpm) at 120 °C for
2.5 days. The product was centrifuged, washed with deionized
water, and dried at 100 °C. The sample was named S-SYi4.3,
where 14.3 presents the product SAR detected by XRF.

For the preparation of H-form S-SY, the as-made sample
was calcined in air at 600 °C for 6 h to remove the organic tem-
plates. Then, the calcined sample was ion exchanged with
NH,4NOj; solution (1.0 M) at 80 °C for 2 h (liquid/solid = 15)
three times followed by calcination at 500 °C for 4 h in air.

Characterization

The crystalline phase and crystallinity of the as-made samples
were determined using X-ray diffraction (XRD) patterns, which
were collected on a PANalytical X’Pert PRO X-ray diffractometer
with Cu Ka radiation (4 = 0.154059 nm, 40 kV and 40 mA). The
inorganic elemental compositions of the samples were
measured with a Philips Magix-601 X-ray fluorescence (XRF)
spectrometer. The crystal size and morphology were observed
using a scanning electron microscope (Hitachi SU8020).
HRTEM images were obtained on a JEM-2100 transmission
electron microscope. N, sorption-desortion experiments at
77 K were performed on a Micromeritics ASAP2020 volumetric
adsorption analyzer. Before starting the measurement, the
sample was degassed for 4 h under vacuum and at 350 °C.

Solid-state >°Si MAS NMR spectra were recorded on a
BrukerAvance III 600 spectrometer equipped with a 14.1 T
wide-bore magnet using a 4 mmWVT double resonance MAS
probe. The experiments were performed at a spinning rate of 8
kHz using high-power proton decoupling. The chemical shifts
were referenced to Kaolinite at —91.5 ppm.

The hydrodynamic diameters of the milled seeds were
determined by dynamic light scattering (DLS) analysis with a
Malvern Zetasizer Nano. The seed slurry after milling treat-
ment was dispersed using ultrasound in ethanol prior to
measurement. Thermogravimetric analyses (TG-DSC) were
carried out on a NETZSCH ATS 449 F3 analyzer from room
temperature to 1250 °C (10 °C min~") under an air flow of
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20 mL min~". The acid properties of H-form zeolites were
measured by NH3;-TPD on a Micromeritics 2920 chemical
adsorption instrument. 200 mg of sample (40-60 mesh) was
pretreated at 600 °C for 1 h under a flow of He. After pretreat-
ment, the sample was cooled to 100 °C and saturated with
NH; gas. Then, NH;-TPD was performed under a flow of He
(20 mL min~") from 100 to 600 °C (10 °C min~"). The Brgnsted
and Lewis acidity of the Y zeolites was determined using the
Fourier transform infrared spectra of pyridine adsorption/de-
sorption (Py-FTIR). Spectra were recorded using a Bruker
Tensor 27 instrument with a mercury cadmium telluride
(MCT) detector. Typically, about 20 mg of zeolite powder was
pressed into a self-supported wafer (diameter 13 mm). After
activating in the IR cell at 450 °C for 30 min, the samples were
cooled down to room temperature and saturated with pyridine.
Then, a desorption experiment was performed at 150 °C,
250 °C, and 400 °C under vacuum. All the spectra are recorded
at room temperature. The amounts of the Bronsted and Lewis
acid sites were calculated by employing molar extinction coeffi-
cients from the literature.°

Catalytic test

Zeolite cracking activities with cumene and TIPB as probe
molecules were determined in a fixed-bed quartz tubular
reactor with an inner diameter of 8 mm at atmospheric
pressure. For TIPB cracking experiment, 30 mg of the catalyst
(40-60 mesh) diluted with 0.50 g quartz was packed in the
reactor and activated in N, (40 mL min~") at 500 °C for 1 h
prior to the reaction. TIPB was fed by passing the N, gas with
the flow rate of 100 mL min~" through a saturator containing
TIPB at 70 °C, which gave a WHSV.yp = 3.2 h™", and the reac-
tion temperature varied from 130 to 170 °C. In the case of
cumene cracking, 0.05 g of the catalyst (40-60 mesh) diluted
with 0.10 g quartz was loaded into the reactor and activated in
N, (40 mL min™") at 500 °C for 1 h prior to the reaction. The
temperature of the catalyst bed varied from 180 to 210 °C in
N,. Subsequently, N, (40 mL min~") saturated with vaporized
cumene at 40 °C was passed through the reactor, which gave a
cumene WHSV of 3.7 h™". The effluents from the reactor were
analyzed using an online Agilent 7890A GC equipped with a
PONA capillary column and a FID detector.

For catalytic cracking of heavy oil, a fixed-bed stainless steel
reactor with a catalyst loading of 4 g (20-40 mesh) was used.
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The diagram of the micro test system is given in Fig. S1.1 The
properties of the heavy oil used are given in Table S1.f The
cracking reaction was operated at 482 °C with a reaction time
of 75 s. The total amount of heavy oil used was 1.33 g. The gas
products and liquid products were collected separately and
analyzed by gas chromatography with FID detectors using a
TDX-1 packed column and a PoraPLOT Q capillary column,
respectively. The retention time of n-dodecane (216 °C) was
taken as the boundary of gasoline and diesel. n-Dodecane was
included into gasoline. The coke on the spent catalysts was
measured by TG. For the preparation of a zeolitic catalyst,
NH,'-form S-SY zeolite (35 wt%) was dispersed into a slurry of
alumina sol (20 wt%) and clay (45 wt%). The mixture was
dried at 120 °C for 12 h and calcined at 500 °C for 1 h. Prior to
the cracking reaction, the catalysts were aged at 800 °C for 4 h
or 17 h under 100% steam.

Results and discussion

The synthesis of high silica zeolite Y with the assistance of
solid nanoseeds was explored based on a gel with a molar
composition  of  1SiO,: 1/xAl,05:0.10Na,O : 0.32TBAOH :
20H,0. The detailed synthesis conditions and the corres-
ponding XRD results are displayed in Table 1 and Fig. S2,T
respectively. The properties of the seeds used are summarized
in Fig. 1 and Table S2.7 It can be seen that when x varies from
20 to 60, the XRD patterns of the products show typical FAU-
type peaks, evidencing the formation of zeolite Y in high crys-
tallinity. Further increasing the gel SAR to 70 results in the
appearance of MEL impurity. The SAR of zeolite Y increases
with that of the starting gel, and the highest SAR of 15.9
(sample S-SY;s50) is achieved in the system with a gel SAR of
60. This value is even slightly higher than that obtained by the
NOA-co strategy. In addition, the time for complete crystalliza-
tion prolongs with the increase of gel SAR, implying the
increased energy barriers for the growth of the high silica FAU
framework. It is noted that for the synthesis of zeolite Y with a
comparable SAR, the crystallization time herein is obviously
shorter than that used in the NOA-co strategy (e.g., 3.5 days vs.
6.5 days for zeolite Y with a SAR of 15-16).

Fig. 2a shows the SEM image of sample S-SY;5., which pre-
sents an aggregate morphology consisting of octahedral crys-

Table 1 Syntheses and product compositions of the high silica S-SY zeolites

Product
Sample x“ Yield” (%) Time (day) Phase SAR® Unit cell composition?
S-SY118 20 56.7 2.0 Y 11.8 (H20)33_2N317A5TBA10.3(S§16442A127A30334)
S-SY143 40 42.6 2.5 Y 14.3 (H20)33.6Nal3.OTBAIO.G(S¥168.4A123.60384)
S-SYi5.9 60 34.2 3.5 Y 15.9 H,0)50.0Na10.7TBA o 7(Si170.6Al21.40384)
S-SYmmr 70 32.0 4.0 Y + MEL — —

“Initial gel: 1Si0, : 1/xAl,03 : 0.1Na,0 : 0.32TBAOH : 20H,0 (10 wt% addition of Y, ; seeds). The crystallization temperature is 120 °C. b Yield was
calculated based on the dry mass of SiO, and Al,O; (Mproduct/M(gel+seeds) X 100%). “ Measured by XRF. 4 Calculated based on the results of TG-DSC

analysis and XRF of the samples.
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Fig. 1 XRD patterns (left) and SEM images (right) of the seeds employed for the synthesis of high silica zeolite Y; down-right: particle size distri-

bution of the milled NaY.
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Fig. 2 (a) SEM image, (b) N, adsorption—desorption isotherms, (c) 2’Al
and (d) 2°Si MAS NMR spectra of the sample $-SYi50. The as-made
sample for a, c and d, and the calcined sample for b.

tals, and no amorphous material could be observed,
suggesting the high purity of the sample. The textural pro-
perties of S-SY;5o were characterized using N, adsorption-de-
sorption isotherms. As illustrated in Fig. 2b, the sample has a
typical Langmuir-type curve. A steep adsorption increase
occurs in the curve at a low relative pressure of 107° < P/P, <
0.01, which is due to the filling of micropores by N,. From
Table S2,7 the BET surface area and micropore volume of
S-SY;5.0 are 634 m”> g~ and 0.29 cm® g respectively, confirm-
ing its good crystallinity.

The local atomic environments of the as-made S-SY;5., were
characterized by solid-state MAS NMR. The *’Al MAS NMR
spectrum (Fig. 2c¢) gives one sharp signal at 58.5 ppm associ-
ated with the framework tetrahedral-coordinated Al species.
The *°Si MAS NMR spectrum of S-SY;5 o (Fig. 2d) presents four
distinct sites for Si atoms. The strong resonances centered at

2216 | /norg. Chem. Front,, 2022, 9, 2213-2220

—107 and —100 ppm together with weak shoulders at —102
and —95 ppm are ascribed to Si(4Al), Si(3Si,1Al) and Si(3Si)
(OH), Si(2Si,2Al) species, respectively. Based on the deconvo-
luted *°Si NMR spectrum, the framework SAR of S-SY;5 o is cal-
culated to be 16.0, in good agreement with the result of XRF.
In addition, the unit cell compositions of the samples are cal-
culated and listed in Table 1. Clearly, from S-SY;; g to S-SY;5.9,
the number of TBA" per unit cell shows a slight increase, while
the number of Na' cations drops obviously.

The (hydro)thermal stability of zeolites, which is strongly
related to the framework SAR, is a crucial factor for industrial
applications. From Fig. 3a, the TG-DSC curves show that the
structure of conventional NaY,. starts to collapse at 950 °C,
while those of S-SY;5 remain stable until 1085 °C, evidencing
the good thermal stability of the high silica product. The
hydrothermal stability tests also give similar results (Fig. 3b).
Herein, H-form samples were used to investigate the hydro-
thermal stability, because the existence of the sodium cation
may hasten the structural deterioration under high-tempera-
ture steam conditions. It is clear that after 100% steam treat-

a exol b 100 -
100 [ Untreated
o NaY t g w0 B 750°C 2h
9% §77 B 750°C 10 h
85 ° 5 [ 800°C 18 h
< & 953°C ol
E o 152
= 100- SSY|59 ogéw_
95 1085°C| Q@
0 g
89 a3 52
80 =

200 400 600 800 1000 1200
Temperature (°C)

HS-SY 54 H-Y o

Fig. 3 Thermal stability and hydrothermal stability of the sample
S-SY159 compared to commercial Y (NaY,es and HY,). (@) TG-DSC
curves and (b) loss of micropore volume after different hydrothermal
treatments. The structural collapse temperatures of the samples are
labeled in (a). The micropore volume of each fresh sample is defined as
100% in (b).

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d2qi00246a

Published on 21 March 2022. Downloaded by Dalian Institute of Chemical Physics, CAS on 1/10/2023 2:13:43 AM.

Inorganic Chemistry Frontiers

ment at 750 °C or 800 °C, H-form S-SY;5 ¢ retains an obviously
higher micropore volume than HY,.r. These results highlight
the outstanding (hydro)thermal stability of S-SY;5,, which
should be attributed to its higher framework SAR.

To clarify the role of solid seeds, synthesis experiments
without the addition of seeds and with various amounts of
seeds were carried out. From Fig. 4, it can be found that the
crystallization of zeolite S-SY was strongly dependent on the
presence of seeds. Without seeds, only amorphous material
can be obtained from the starting gel. In the presence of
1 wt% seeds, the crystallization can be initiated but in a much
slow rate. Even after a crystallization time of 4.5 days, the
product has extremely low crystallinity. On further increasing
the seed amount, all syntheses can yield well-crystallized FAU-
type material and the crystallization kinetics hasten with
increasing seed addition. This evidences the important role of
seeds in the synthesis of high silica zeolite Y. Compared with
the NOA-co strategy, the synthesis with solid seeds involves
rapid crystal growth without an induction period, giving rise to
a shortened crystallization time. It is speculated that the
amount of effective seeds in the FAU nucleus solution in the
NOA-co strategy should be lower than that of solid nanoseeds,
which causes its relatively slow crystallization kinetics.

Three solid nanoseeds, Yg.4, Yi0.» and Y4, with a similar
size but different SAR (Fig. 1 and Table S27), were employed
for synthesis to learn the effect of the seed SAR on crystalliza-
tion. As presented in Table 2, with the addition of 3 wt%
seeds, the induction activity of the seeds shows a positive
relationship with their SAR. The product mainly consists of an
amorphous material when using Ys4 as seeds. On increasing
the seed SAR to 10.2, FAU becomes the main product phase
together with a small amount of amorphous material. On
further increasing the seed SAR to 14.1, well-crystallized
zeolite Y can be readily achieved. With the addition of 10 wt%
seeds, the difference in inducing activity among the seeds is
hard to diminish, implying the excessive addition of seeds.
Moreover, it is noted that the product SAR has an incremental
trend with the increase of seed SAR, which demonstrates that

[ ®
=] o
1 L

Relative cristalinty (%)
8
!

20

2 3
Crystallization time (d)

Fig. 4 Growth curves of high silica S-SY zeolite based on the gel
system of S-SY14 3 with different amounts of seeds.
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Table 2 Effect of the SAR of solid seeds on the synthesis

Product
Sample® Seeds (Wt%) Phase SAR?
1 3% Ye3 Amor + FAU —
2 3% Yi9.2 FAU + amor —
3 3% Yya4 FAU 14.1
4 10% Y 5 FAU 12.0
5 10% Y100 FAU 13.1
6(S-SY14.3) 10% Yya1 FAU 14.3

“The synthesis system is based on S-SY;,; in Table 1 except for the
change of seeds. The crystallization times for the syntheses with 3%
and 10% seed addition are 3.5 and 2.5 days, respectively. > Measured
by XRF.

the seeds, at least part of them, are involved in the crystalliza-
tion of high-silica zeolite Y.

Micrometer-sized commercial NaY (SAR = 5.6) and its
milled product were further used as seeds to investigate the
effect of the seed size on the synthesis. Fig. 1 shows the SEM
images of NaY and milled NaY. It can be seen that the NaY
crystals have a size of 1-2 pm, which are broken into irregular
small particles after ball-milling treatment. The average par-
ticle size of milled NaY is about 100-200 nm. The synthesis
results are displayed in Fig. 5. With the addition of NaY as
seeds, the crystallization was not completed even after 5 days.
The use of milled seeds, however, can effectively hasten the
crystallization, leading to a well-crystallized high silica product
after 2.5 days. Such a crystallization duration was similar to
that of the above Y nanoseeds. These results indicate that the
seeds with a small particle size are more effective in inducing
the crystallization of high silica zeolite Y. The possible reason
is that small crystals possess a larger external surface, which
provides more surface for crystal growth.”" Additionally, the
synthesis with S-SY;,; as seeds was also carried out to learn

Sample a
0., . Seeds: Micrometer-sized NaY

Sample b

J l A | A Seeds: Milled NaY

Sample ¢

Intensity (a.u.)

J Seeds: Y, 4

T T

10 20 40 50

26 (de?éoree)

Fig. 5 XRD patterns of the solid products obtained from the synthesis
system of S-SY143 (Table 1) except with 10 wt% addition of NaY (a),
milled NaY (b) and S-SY143 (c) as seeds. Samples (b) and (c) were hydro-
thermally synthesized at 120 °C for 2.5 days, while for (a) the crystalliza-
tion conditions were 120 °C for 5 days.
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the possibility of the product itself as seeds (Fig. 5).
Interestingly, zeolite Y with high crystallinity can be readily
obtained after a crystallization of 2.5 days. Considering that
S-SY,43; has a comparable crystal size to Nay, its effectiveness
for the seeded growth of high silica zeolite Y confirms the
stronger induction ability of high silica Y seeds.

The acid properties of the protonated S-SY zeolite were
investigated by NH;-TPD and FT-IR. For comparison, a conven-
tional Y zeolite (HY,.¢) was used as a reference sample. From
the NH;-TPD profiles (Fig. 6a), there are two desorption peaks
at about 150-300 °C and 300-550 °C for both samples, which
correspond to weak and strong acid sites, respectively. It is
clear that high silica HS-SY,4.3 possesses a significantly larger
amount of strong acid sites and higher acid strength than
HY,.f Fig. 6b presents the FTIR spectra of the hydroxyl groups

a
b Acidic OH in supercage
3636

- External Si-OH
3 - 3743 3544
s = Acidic OH in SOD
2 e
3 g
2 3

<
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c perature (°C) d
1544 1455
B L o
e N A | PR~
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e Pg=0.53 =
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<la00°c N AN __APs=063 | 2|400°C
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of the samples. The bands at 3630 cm™ and 3550 cm™ are
associated with the acidic hydroxyls located in supercages and
SOD cages respectively, while the band around 3742 cm™
belongs to the isolated external silanols.”>** The FTIR spectra
of the samples with pyridine desorption at different tempera-
tures are shown in Fig. 6¢ and d. Both Brensted and Lewis acid
sites can be observed for the samples, evidencing the occur-
rence of the dealumination process. The relatively low pro-
portion of Bronsted acid sites (B/(B + L)) on H-Y,s is consist-
ent with its lower framework SAR and inferior (hydro)thermal
stability. On increasing the desorption temperature from
250 °C to 400 °C, the intensity of Brensted acid sites shows a
decrease, especially for the HY,.s sample. These results evi-
dence a larger amount of Bregnsted acid sites and stronger
acidity of HS-SY,4.3. Moreover, from Fig. 6d, both the acidic
hydroxyls in the supercages and SOD cages of HS-SY;4; show a
clear decrease after pyridine adsorption at 150 °C. However,
for conventional HY,., the acidic hydroxyls in the SOD cages
remain less changed and mainly the acid sites located in the
supercages are accessible. It implies that the Brensted acid
sites in the SOD cages of HS-SYy, 3 can transfer to supercages
when the pyridine probe molecule is in close proximity,>* but
this proton transfer is difficult for conventional HYis.
Summing up, acidity characterization using the NH;-TPD and
pyridine-adsorbed FTIR spectra demonstrates that HS-SY;4 3
possesses better acid site accessibility, higher acid strength
and larger acid density.

1,3,5-Triisopropylbenzene (TIPB) cracking and cumene
cracking were used as model reactions to assess the catalytic
activity of HS-SY4,.3. A conventional H-Y zeolite was used as a
reference catalyst. As the kinetic diameter of TIPB (0.95 nm) is
larger than the pore opening of zeolite Y (0.73 nm), the crack-
ing performance of TIPB is closely related to the acidity on the
external surface of the samples. From Fig. 7a and b, HS-SYy4 3
exhibits both high activity and high selectivity to deep cracking
products as compared to H-Y, implying the abundant strong
acid sites on the external surface of HS-SY,4 3. Moreover, the
cumene molecule has a relatively small diameter, and can
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Fig. 7 The comparison of the catalytic cracking activity of HS-SY14.3 and HY zeolites. (a) Initial activity of TIPB cracking at different reaction temp-
eratures and (b) aromatic product yields of TIPB cracking (HS-SY14 3, left; HY, right). WHSVyps = 3.2 h™™. B, IPB and DIPB represent benzene, cumene
and diisopropylbenzene, respectively. (c) Initial conversion of cumene versus reaction temperature, vaporized cumene (40 °C) in N, as the feed, flow

rate = 40 mL min™%, and WHSVumene = 3.7 h™2.
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Table 3 Heavy oil cracking results on the S-SY-based catalyst and USY-
based catalyst

S-SY-based USY-based
Items (Wt%) catalyst-4 h* catalyst-4 h*
Dry gas 1.68 1.67
Liquid petroleum gas (LPG) 17.51 17.30
Gasoline 53.59 51.04
Diesel 11.26 12.08
Heavy oil 9.85 12.61
Coke 6.11 5.30
Conversion (excluding coke) 84.04 82.09
Conversion 90.15 87.37
Gasoline + diesel 64.85 63.12
LPG + gasoline + diesel 82.36 80.42
Diesel/gasoline ratio 0.21 0.24

“The catalysts were aged under 100% steam at 800 °C for 4 h before
the catalyst test.

diffuse into the micropores of zeolite Y. The acid sites located
in both the cages and external surface of zeolite Y can catalyze
the cracking of cumene. From Fig. 7¢, superior cumene conver-
sion on HS-SY;,3; can be observed than on H-Y,f which
should be owing to the larger amount of strong acid sites and
higher acid strength on HS-SY,43. These results demonstrate
the excellent catalytic cracking activity of the HS-SY zeolite.

Heavy oil cracking was further carried out to evaluate the
catalytic cracking performance of the high silica S-SY;43
zeolite for industrial feedstock. Herein, a catalyst containing
35 wt% zeolite, 20 wt% alumina and 45 wt% clay was prepared
to simulate the component of industrial FCC catalysts.>® For
comparison, a commercial USY zeolite was used for the prepa-
ration of a reference catalyst. All catalysts were aged under
100% steam at 800 °C for 4 h before the catalyst test. Table 3
lists the results of heavy oil catalytic cracking. Compared with
the USY-based reference catalyst, the S-SY-based catalyst shows
a higher heavy oil conversion. Although the coke deposition
on the S-SY-based catalyst is slightly higher than that on the
USY-based catalyst, the gasoline yield and total yield of (LPG +
gasoline + diesel) on the former are ~2.5 wt% and 2.0 wt%
higher than those on the latter, respectively. Furthermore, the
catalysts after treatment under 100% steam at 800 °C for 17 h
were also evaluated for heavy oil cracking. The results are pre-
sented in Table S3.7 Both catalysts show a decrease of heavy oil
conversion, as compared with the corresponding 4 h-aged cata-
lysts. However, the S-SY-based catalyst still has higher conver-
sion than the USY-based catalyst. These results evidence the
good catalytic cracking performance of the high silica S-SY
zeolite for heavy oil conversion.

Conclusions

High silica zeolite Y with a framework SAR up to 15.9 has been
synthesized using TBAOH as the OSDA with the assistance of
solid seeds. Both the seed amount and seed properties are
found to affect the crystallization of high silica zeolite Y. The

This journal is © the Partner Organisations 2022
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crystallization rate increases with the increase of seed amount
in the investigated range of 0-10 wt%, and the seeds with a
higher SAR and smaller crystal size are more effective for the
synthesis. Moreover, the characterization results demonstrate
that the high silica zeolite Y possesses excellent (hydro)
thermal stability, a larger amount of Brensted acid sites and
stronger acidity than conventional zeolite Y. The acidic
hydroxyls in small SOD cages of high silica zeolite Y can trans-
fer to supercages under the induction of basic molecules and
contribute to its larger acid amount determined by NH;-TPD
and pyridine-adsorbed FT-IR. As a result, the high silica
material exhibits superior catalytic activity in the cracking reac-
tions of hydrocarbons and industrial heavy oil.
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